A complete cDNA of a novel zebrafish gene named onecut has been isolated; this gene encodes a protein of 446 amino acids with a Cut domain (73 amino acid residues) and a homeodomain. The Cut domain of zebrafish Onecut is highly similar to those in mammalian hepatocyte nuclear factor-6 and Drosophila Onecut, sharing 90 and 88% amino acid identity, respectively. The expression of zebrafish onecut is restricted to neuronal cells, being first detected in trigeminal ganglia neurons at the end of gastrulation. By the 1-somite stage, onecut expression has begun in primary neurons of the lateral stripes in the neural plate, and appeared in neuronal cells of the medial stripes at the 2-somite stage. By the 4-somite stage, onecut expression expanded to the intermediate stripes and to subsets of neuronal cells in the midbrain and hindbrain. Subsequently, onecut expression intensified in the lateral region of midbrain and hindbrain, yet no onecut-positive cells were seen in the telencephalon. By 24 hpf, onecut transcripts remained abundant in the spinal cord but were no longer detectable in differentiated Rohon-Beard sensory neurons. The expression of onecut was greatly increased in the neural mutant mindbomb, while being decreased in narrowminded. q
Results
Homeodomain proteins are evolutionarily conserved and play important roles in cell differentiation and morphogenesis. Cut, first isolated from Drosophila (Blochlinger et al., 1988) , is the founder of a novel class of homeodomain proteins (see review in Nepveu, 2001) ; these proteins contain a bipartite DNA-binding domain including Cut and homeodomains. The Cut homeodomain proteins are classified into three groups containing one, two or three Cut domains. The Onecut class includes mammalian hepatocyte nuclear factor-6 (HNF-6) (Lemaigre et al., 1996) , human oc-2 (Jacquemin et al., 1999) , Drosophila D-onecut (Nguyen et al., 2000) , and ascidian HrHNF-6 (Sasakura and Makabe, 2001 ). Due to a variant sequence in two residues, Phe 48 and Met
50
, in the third DNA-binding helix (Lemaigre et al., 1996) , the homeodomain of this protein class has little DNA-binding specificity compared to the classical homeodomain (Ades and Sauer, 1994) . Therefore, the Cut domain plays an important role in the DNA-binding activity of Cut homeodomain proteins. Among onecut genes, mammalian HNF-6 and human oc-2 are expressed in the various tissues including liver, brain and skin. More recently, new roles of Drosophila D-onecut and ascidian HrHNF-6 in the specification or differentiation of neural cells have been identified (Nguyen et al., 2000; Sasakura and Makabe, 2001) .
We have isolated a cDNA clone for the zebrafish onecut homolog from an in situ-based screen (Kudoh et al., 2001) . Complete nucleotide sequencing revealed a 1338 bp open reading frame encoding a protein of 446 amino acid residues containing a single Cut domain and a homeodomain (data not shown). This protein showed the highest similarity with mammalian HNF-6, with 80 and 90% identity in homeoand Cut domains, respectively (Fig. 1) . However, similarity between zebrafish and other Onecut proteins was much lower in other regions of the protein. The STP box, a serine/threonine/proline-rich sequence, could also be recognized in zebrafish Onecut (Fig. 1) . As expected, the DOR (Drosophila Onecut Repeat) sequence that has been reported only in Drosophila Onecut (Nguyen et al., 2000) was not seen in zebrafish Onecut (Fig. 1) .
The temporal and spatial expression pattern of the onecut gene was examined by whole-mount in situ hybridization. At the end of gastrulation, onecut mRNA was first detected in trigeminal ganglia (tg) ( Fig. 2A,B) . At the 1-somite stage onecut expression appeared in lateral longitudinal stripes that give rise to primary Rohon-Beard (RB) sensory neurons ( Fig. 2C ), and expression in medial longitudinal stripes that generate primary motor neurons was detected at the 2-somite stage (Fig. 2D,E) . By the 4-somite stage ( Fig. 2F) , onecut-positive cells in the midbrain and cranial ganglia lateral to rhombomere 2 and 4, were seen by doublestaining with Krox-20 (Fig. 2F ). By this stage, onecut was also expressed in intermediate longitudinal stripes, where a subset of cells differentiates into inter neurons including commissural neurons. From the 10-somite stage onward, clusters of onecut-positive cells were detected at the lateral regions of the forebrain and midbrain, anterior and posterior lateral line ganglia, and epiphysis ( Fig. 2G-I ). RB sensory neurons in the anterior region of the spinal cord gradually lost onecut staining at the 16-somite stage, while other neurons in the brain and spinal cord continued to express this gene (Fig. 2J,M) . In 24 hpf embryos, high levels of onecut expression were observed in the ventral hindbrain, and in the ventral midbrain and diencephalon where it is localized in the nuclear tract of the postoptic commissure (nTPOC) and of medial longitudinal fasciculus (nMLF) (Fig. 2K,L) . In addition, a subset of cells in the anterior part of midhindbrain boundary started to express onecut (Fig. 2K) , and anterior and posterior lateral line ganglia projecting from rhombomere 4 and 6 showed increased expression (Fig. 2L) . Subsequently, onecut expression largely disappeared from the spinal cord and the brain with the exception of a region in the ventral hindbrain (Fig. 2N) .
We tested expression of onecut in two zebrafish neural mutants, mindbomb (mib) (Jiang et al., 1996; Schier et al., 1996) and narrowminded (nrd) (Artinger et al., 1999) . The mib mutant is characterized by a neurogenic phenotype with supernumerary early differentiating neurons and a deficit in late differentiating neurons (Jiang et al., 1996) . In contrast, nrd embryos lack lateral longitudinal stripes within the neural plate resulting in a deficit in RB sensory neurons at later stages (Artinger et al., 1999) . The number of onecutpositive cells was increased greatly in mib mutants within the three longitudinal stripes of primary neurons, while onecut-positive cells were clearly absent in the lateral stripe of nrd mutant embryos (Fig. 3) . These results suggest that the regulation of onecut gene expression is under the control of mib and nrd at an early stage of neurogenesis in zebrafish.
In conclusion, a novel zebrafish homeobox gene, onecut, that is specifically expressed in early neuronal cells has been cloned and characterized. The onecut gene displays a highly dynamic expression pattern in the primary neurons of the brain and spinal cord during zebrafish embryogenesis. This is the first report of a Cut homeodomain gene family member that shows neuronal specificity in a vertebrate system.
Materials and methods

Fish stocks and maintenance
Zebrafish embryos were raised, maintained and staged as described by Kimmel et al. (1995) . Embryos were obtained from natural spawning, and appropriate stages of the embryos were dechorionated with watchmarker's forceps and fixed with 4% paraformaldehyde in phosphate buffered saline.
Isolation of zebrafish onecut gene
A partial cDNA clone, having homology to onecut homeobox gene, was isolated from an in situ-based screen as previously described (Kudoh et al., 2001) . To isolate a full-length cDNA clone, 10 6 phage plaques of a 22-24 hpf zebrafish embryo lambda gt10 cDNA library were screened by plaque hybridization with 32 P-labeled partial cDNA as a probe. A 2.9 kb fragment of onecut cDNA insert was isolated from one of the clones and transferred into plasmid pBluescriptSK 1 (Stratagene). The nucleotide sequence and their deduced amino acid sequence were assembled and analyzed by the computer software PC/GENE (IntelliGenetics).
Whole-mount in situ hybridization
Antisense digoxigenin (DIG)-labeled RNA probes were produced using a DIG-RNA labeling kit (Roche Molecular Biochemicals) following the manufacturer's instructions. Hybridization and detection with an anti-digoxigenin antibody coupled to alkaline phosphatase (Vector Laboratories, Burlingame, CA) were performed as described by Thisse et al. (1993) . Double color in situ hybridization was performed as described by Hauptmann and Gerster (1994) . 
